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Numerical Solution of Space Shuttle Orbiter Flowfield
Including Real-Gas Effects

Dinesh K. Prabhu* and J.C. Tannehillt
Iowa State University, Ames, Iowa

The hypersonic, laminar flow around the Space Shuttle Orbiter has been computed for both an ideal gas
(7 = 1.2) and equilibrium air using a real-gas, parabolized Navier-Stokes code. This code employs a generalized
coordinate transformation; hence, it places no restrictions on the orientation of the solution surfaces. The initial
solution in the nose region was computed using a three-dimensional, real-gas, time-dependent Navier-Stokes
code. The thermodynamic and transport properties of equilibrium air were obtained from either approximate
curve fits or a table look-up procedure. Numerical results are presented for flight conditions corresponding to
the STS-3 trajectory. The computed surface pressures and convective heating rates are compared with data from
the STS-3 flight.

Introduction

T HE accurate prediction of the flowfield and heating en-
vironment around the Space Shuttle Orbiter has been the

aim of recent research efforts. Previously, the inviscid flow
around the Orbiter has been computed by solving the Euler
equations.1"5 In order to account for viscous effects, the in-
viscid solutions have been coupled with matching boundary-
layer analyses.6"10 These latter methods have been effective in
predicting the thermal environment on the windward side of
the Orbiter. The problem of specifying the proper edge condi-
tions in the matching boundary-layer analyses has been
avoided by several investigators through the use of viscous
shock-layer (VSL) equations.11"15 Unfortunately, VSL equa-
tions cannot be used to predict the flowfield on the leeward
side of the Orbiter for high angles of attack because of the
cross-flow separation. In addition, an approximate Orbiter
geometry is required with this analysis in order to overcome
the problems encountered at the wing-fuselage juncture. On
the other hand, the "parabolized" Navier-Stokes (PNS)
equations have shown great promise in predicting the com-
plete inviscid-viscous flowfield around Shuttle-like bodies16

as well as more realistic Shuttle body shapes.17"19 The PNS
equations are uniformly valid throughout the shock layer and
can be used in regions of large cross-flow separation.

The generalized PNS code developed by Tannehill et al.20 is
ideally suited for the complex flowfield that develops around
the leading edge and in the region of the wing-body juncture
of the Orbiter. This generalized PNS code accepts the initial
solution on any starting surface and lets the solution proceed
from one data surface to another without any restriction on
the orientation of these surfaces. The only condition that
must be met is that the velocity component normal to the
solution surface must be supersonic in the inviscid region.
This code has been used to make perfect-gas calculations
around a realistic Shuttle geometry at angles of attack as high
as 30 deg for different freestream Mach numbers.18

In the present study, the generalized PNS code has been
modified to permit real-gas (equilibrium-air) calculations.
Real-gas effects are especially important in predicting the re-
entry environment around the Shuttle because the high
temperatures within the shock layer cause the air to dissociate
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and ionize, thus invalidating the perfect-gas assumption.
Maus et al.21 have shown that real-gas effects can have a
significant influence on the Orbiter aerodynamics. In
simulating real-gas flows one requires thermodynamic and
transport properties of the gas. For an ideal gas the properties
are available in compact analytical expressions. For a real gas,
however, such simple expressions are not available. Recently,
Balakrishnan et al.22 and Balakrishnan arid Davy23 have com-
puted the inviscid and viscous flowfields of equilibrium air
around the Orbiter nose. They obtained the thermodynamic
properties by solving the chemical equilibrium equations and
the transport properties using mixture rules. While such an ap-
proach is very general and is applicable to any kind of gas mix-
ture, it requires a substantial amount of computer time. For
the present study, the thermodynamic and transport proper-
ties of equilibrium air were obtained from approximate curve
fits or a table look-up procedure. Using this approach the real-
gas flow around the Orbiter has been computed for flight con-
ditions corresponding to the STS-3 trajectory. The results of
these calculations are compared with data from the STS-3
flight and results from an "effective 7" (i.e., 7= 1.2) ideal-gas
calculation.

Governing Equations
PNS Equations

The PNS equations are obtained from the complete Navier-
Stokes equations by neglecting the unsteady terms and the
stream wise viscous derivative terms. The equations in non-
dimensional, strong conservation-law form can be written for
a generalized curvilinear coordinate system as

8E dF
drj ReL

where the generalized coordinates (£,i?,f) are related to the
Cartesian coordinates (x,y,z) through the transformations
Z = %(x>y>z)> 'n = 'n(x,y,z), and £ = f ( x , y f z ) , and the five-
component inviscid flux vector E is

(2)
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The other inviscid flux vectors F and G can be obtained by
substituting rj for £ and f for £, respectively, in Eq. (2). The
viscous flux vector F,, is

0

(3)

where

<-4
^2 = rll

*3=l£ + ltf

<4=- (4)

The viscous flux vector Gv can be obtained by substituting f
for 17 in Eqs. (3) and (4).

The specific total energy can be written as the sum of the
specific internal energy and kinetic energy, i.e.,

et=e+ (5)

In addition to the above flux vectors, another vector U can be
defined as

U= U/J= [p,pu,pv,pw,pet] T/J (6)

The details of the spatial coordinate transformation, the ex-
pressions for the metrics, and the Jacobian J of the transfor-
mation can be found in Refs. 20 and 24.

The quantities appearing in Eqs. (1-6) have been nondimen-
sionalized (dimensional quantities are indicated by a tilde) as
follows:

= x/L, y=y/£,
v=v/V00,

= z/L

^P/Poo,

--e/Vi,

T= f/f a

(7)

where L is the characteristic or reference length; and p^, V^,
TV,, pioo, and k^ are the freestream density, velocity,
temperature, coefficient of viscosity, and the coefficient of
thermal conductivity, respectively. The other dimensionless
parameters in Eqs. (1-6) are the Reynolds number ReL, the
freestream Mach number M^, and the freestream Prandtl
number Pr^. These parameters are defined as

ReL =! (8)

(9)

(10)

where a^ is the freesteam speed of sound, 7^ the freestream
ratio of specific heats, and R^ the freestream gas constant.

Thermodynamic and Transport Properties
In order to close the above system of PNS equations, rela-

tions between the thermodynamie variables are required along
with expressions for the transport properties, /* and k. The
relations between the thermodynamie variables depend on the
type of gas model.

At this point two useful quantities can be defined:

= h/e (U)

(12)

The first quantity, which is the ratio of the specific static en-
thalpy to the specific internal energy, is analogous to the ratio
of specific heats. For an ideal gas, 7 and 7 are identical if h
and e are referenced to 0 K. The second quantity, which is the
compressibility of the gas, is a measure of the deviation of a
gas from ideal behavior. The factor y^M^ appears in the
definition of compressibility because of the nondimen-
sionalization of the variables.
Ideal Gas

For an ideal gas (i.e., a gas that is both calorically and
thermally perfect) the following relations are valid:

= 7oo = const = 7

p=(y-\)pe

(13)

(14)

(15)

The transport properties are obtained from simple expres-
sions. The nondimensional coefficient of viscosity, /*, is
calculated from Sutherland's law

(16)

where C= 110.4 K/71^ for air. Assuming the Prandtl number
to remain constant over the entire flowfield, the nondimen-
sional coefficient of thermal conductivity, A:, is given by

k = p (17)

Real Gas
For the present computations the real gas is assumed to be

air in chemical equilibrium. For equilibrium air, the ther-
modynamie and transport properties are available in the
form of approximate curve'fits designed especially for use
with finite difference methods.

These approximate curve fits for the thermodynamie prop-
erties were developed by Tannehill and associates.25'26 They
provide the following correlations:

p=p(e,p), a = a(e,p), f = f ( e , p )

h = h(p,p), T=T(p,p) (18)

In addition to these curve fits, Tannehill and Mohling25 have
modified the table look-up procedure employed by the NASA
Ames RGAS program27 to permit e and p to be used as in-
dependent variables. The curve fits and table look-up pro-
cedure are valid for temperatures up to 25,000 K and densities
from 10 ~7 to 103 Amagats - ratio of density to reference den-
sity (P/PQ). The table look-up procedure is more accurate than
the curve fits but requires substantially more computer time.

The curve fits for the transport properties were developed
by Vigneron28 and include the following correlations:
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These curve fits are valid for temperatures up to 15,000 K
and pressures from 10 ~4 to 102 atm.

The correlation p=p(e,p) is obtained from a curve fit for

algorithm in delta form is

= y(e,p)

in conjunction with

(20)

(21)

Upon nondimensionalizing Eq. (21) and combining with Eq.
(12), the nondimensional temperature can be written as

(22)

Streamwise Pressure Gradient
The PNS equations, given by the above system of equa-

tions, are hyperbolic-parabolic in the £ direction if the in-
viscid region of the flowfield is completely supersonic, if
there is no streamwise flow separation within the domain of
interest, and if the steam wise pressure gradient, d/?/d£, in the
subsonic portion of the boundary layer is treated in such a
manner as to suppress departure or exponentially growing
solutions.

There are a number of different techniques to suppress the
departure solutions associated with the pressure gradient
term. The method proposed by Vigneron et al.29 is used in
the present computations. In this method the flux vector E is
split into two parts,

(23)

where

E'* __ __ (24)

and

(25)

The factor co is given by

where

(26)

(27)

and a is a safety factor. For the present calculations, the
"elliptical" portion of the streamwise pressure gradient, i.e.,
d/Vd£, has been ignored in the subsonic region of the
boundary layer.

Numerical Solution of Equations
Finite Difference Algorithm

In order to integrate the PNS equations in generalized
coordinates, an efficient, noniterative, implicit finite dif-
ference scheme developed by Tannehill et al.20 is used. This

C/ dE* \ 0 tA£ 3 /
(A dU / l+0 2 df\

dG
2 df\ dU ReL

a
dj

/ dF i aw
\dU ReL8U/)

— Y A* r d (F
 F»

d£ / u l+0 2 I d y \ ReL

(28)

where the superscript / refers to the station £ = /A£ and

AiU=Ui+l-Ui (29)

The complete details of the algorithm can be found in Refs. 20
and 24. For equilibrium air, however, the Jacobians have to be
modified because the thermodynamic variables and transport
properties are functions of the components of the solution
vector. The modified inviscid and viscous Jacobians for a gas
in chemical equilibrium are given in Ref. 30.

Boundary Conditions
At every streamwise station the solution surface £ =

Z(x,y,z) = const is bounded by 1) the outer bow shock, 2) the
inner body surface, and 3) the plane of symmetry for flows
without yaw. At the plane of symmetry, reflection boundary
conditions are imposed implicitly. Thus, flow symmetry is
maintained for the cases without yaw. The outer bow shock is
treated as an infinitesimally thin discontinuity obeying laws of
conservation of

Mass:

PlVl=p2V2

Momentum:

Energy:

(30)

(31)

(32)

where Vl and V2 are velocity components normal to the
shock. The subscripts 1 and 2 indicate states ahead of and
behind the shock, respectively.

A combination of the mass and momentum conservation
equations yields

(33)
, \-pl/p2

and a combination of all three conservation equations yields

l+Pi /P 2 ) (34)

In the Thomas method of "shock fitting,"31 the pressure p2
behind the shock is required. For the present calculations, this
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pressure is obtained by a simple one-sided application of the
finite difference algorithm.

For equilibrium air, the correlations

and

(35)

(36)

are readily available in the forms discussed previously for
equilibrium air. With these correlations, Eq. (34) becomes an
implicit equation for the unknown p2. This equation is solved
iteratively by the bisection method. Once p2 is obtained, the
velocity V\ is easily determined from Eq. (33). For an ideal
gas, however, such an iterative procedure is not required.
Combining the thermodynamic identity

= e+p/p (37)

with the ideal-gas relations [Eqs. (13) and (15)], Eq. (34) can
be simplified to an explicit relation for the unknown p2. Thus,
the velocity V\ can be determined from Eq. (33) without itera-
tion. From this point on the procedure of determining the
geometrical quantities at the shock (i.e., shock slope, etc.) is
identical to ihat given in Refs. 20 and 24.

At the wall, the velocity components are set equal to zero
and the wall temperature is either specified for the case of an
isothermal wall or computed using a one-sided difference ap-
proximation for a zero normal temperature gradient when the
wall is adiabatic. At the body surface, the pressure is com-
puted by setting the normal pressure gradient equal to zero
and using a one-sided difference approximation to represent
the derivative. The only unknown that remains at the wall is
the density pw. The density is computed from the equilibrium-
air correlation

* w ~ * \v (Pw>Pw) (38)

using a secant method since a curve fit for pw=pw( fwfpw) is
not available. For an ideal gas the density is easily determined
from Eq. (14).

Orbiter Flowfield Computation
Orbiter Geometry

The Orbiter body surface coordinates are obtained from the
geometry package of Rakich and Kutler.1 This geometry
package reproduces the exact Shuttle geometry at 11 different
axial locations. Intermediate to these locations, interpolating
polynomials are used to produce a smooth geometry that
models the actual Shuttle geometry quite closely except near
the canopy and in the tail region where the vertical tail and or-
bital maneuvering system (OMS) pods are omitted. Figure 1
shows the three-dimensional and cross-sectional views of the
Orbiter obtained with the above geometry package.

Blunt Nose Starting Solution
The PNS code requires an initial solution surface where the

inviscid region of the flowfield is completely supersonic. In the
blunt-nose region, however, there is an imbedded subsonic
region thus necessitating the use of a three-dimensional, real-
gas, time-dependent Navier-Stokes code. The time-dependent
blunt-body code developed by Kutler et al.,32 and later
modified by Rizk et al.,33 is used to obtain the blunt-nose solu-
tion and the initial data surface for the PNS code. The blunt-
body code was modified in the present study to permit real-gas
(equilibrium-air) calculations. The modifications are ex-
plained briefly here. At the shock, the pressure required to
1 "fit" the shock is obtained by explicit integration of the com-
bination of the continuity and energy equations. This pressure
is used in conjunction with the approximate curve fit or table

look-up procedure (previously discussed) to iteratively deter-
mine the shock speed. The rest of the procedure is identical to
that given in Ref. 32. At the wall, the no-slip condition, the
specified wall temperature, and the assumed zero normal
pressure gradient are used in conjunction with the
equilibrium-air curve fits to determine the density. The
geometric singularity and outflow boundary conditions are in-
dependent of the gas model and were not modified. The new
blunt-body code permits the user to specify either an ideal-gas
(7 = const) or equilibrium-air model.

Results
The real-gas PNS code has been used to compute the

laminar flow of an ideal gas (7=1.2) and equilibrium air
around the forebody of the Orbiter. The flow conditions
chosen for the computation correspond to the flight condi-
tions at one point of the STS-3 trajectory (£ = 595 s after re-
entry), where the altitude and velocity were 71.32 km and 6.74
km/s, respectively. The corresponding flow conditions34'35 are
shown in Table 1.

For these flow conditions, the blunt-body code was used to
obtain the blunt-nose solution with the ideal-gas option
(7=1.2). A 31x31x21 grid was used in the computation.
With this converged solution as a starting solution, the
equilibrium-air blunt-nose solution was obtained for the same
grid size. Figure 2 shows the shock shapes and sonic lines for
both the ideal-gas and equilibrium-air computations. It is evi-
dent from the figure that the equilibrium-air shock-layer
thickness differs from that of the 7=1.2 calculation by only a
small amount. The sonic lines do not show any discernible dif-
ference in their locations except near the stagnation region.
Figure 3 shows the Mach contours for equilibrium air. As in
the previous study,18 both the ideal-gas and equilibrium-air
blunt-nose solutions were obtained in a wind-axis coordinate
system. The initial data surfaces required by the PNS code for

X = 200 IN. X = 500 IN. X = 900 IN.

ou
Fig. 1 Space Shuttle Orbiter geometry.

Table 1 Flow conditions

Ideal
Quantity gas

M^ 20.985
a, deg 40.046

ReL, x lO 6 0.8816
7oo 1-20
Pr^ 0.72

T^K 256.690
p^N/m2 5.1915

Poo, kg/m3, 10~5 7.0460
rw, K 1100

Equilibrium
air

20.985
40.046
0.8816
1.40
0.72

256.690
4.8057
6.5242
1100
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both the ideal-gas (7=1.2) and equilibrium-air calculations
were chosen well away from the subsonic region. These data
surfaces were slowly transformed into surfaces normal to the
body axis as the computation proceeded downstream. The
solution surfaces became x-axis normal at x/L = 0.l and 0.15
for the ideal-gas and equilibrium-air cases, respectively. In ad-
dition, grid points were added as the computation proceeded
downstream. Final grid sizes of 75 x 75 and 75 x 45 were used
in the ideal-gas and equilibrium-air computations, respective-
ly. Figure 4 shows a typical grid used in the calculation. As a
first approximation, 7, /x, 0, and k were assumed to be locally
constant during each step in the equilibrium-air calculations.
With this approximation, derivatives of the type (dy/de)^f
(dp,/de)p, (dk/be)£, (dji/dp)g, (dk/dp)g, etc., become zero,
and the Jacobians given in Ref. 30 are simplified considerably.

—— EQUILIBRIUM AI*
—— IDEAL GAS (Y-1.2)

BOW SHOCK

SONIC LINE

Fig. 2 Shock shape and sonic line location in the blunt-nose region.

Solutions were obtained up to x/L = Q.5 and 0.405 for the
ideal-gas and equilibrium-air cases, respectively. Numerical
difficulties near the wing-body juncture prevented the solu-
tions from being marched further downstream. These dif-
ficulties are believed to be the result of the algebraic grid
generator which utilizes straight rays for the 77 coordinate lines
as seen in Fig. 4.

Figure 5 shows the computed shock shapes for both cases.
The shock shapes are nearly indistinguishable. Using an effec-
tive 7 equal to 1.2 seems to model the shock standoff distance
of equilibrium air quite closely. Figure 6 illustrates the com-
parison of computed windside wall pressures with STS-3 data.
The computed pressures for both the ideal-gas and
equilibrium-air cases are in good agreement with the flight
data. Figure 7 shows a comparison between the computed
leeside wall pressures and STS-3 data. The ideal-gas and
equilibrium-air results are in fairly close agreement with each

Mro = 20.985
a = 40.046°
x/L = 0.4
GRID SIZE: 75 x 75

Fig. 4 Typical grid used in the PNS computations.

0.6

0.5

0.4

0.3

y/C
0.2

0.1

0.0

-0.1

-0.2

———— EQUILIBRIUM AIR
———— IDEAL GAS (y - 1.2)/

I

Fig. 3 Mach contours in the blunt-nose region (equilibrium air).

0.0 0.1 0.2 0.3 0.4 0.5
x/t

Fig. 5 Shock shape comparison.
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————— EQUILIBRIUM AIR
———— IDEAL GAS (Y - 1.2)

o STS-3 DATA

I I !
0.0 0.1 0.2 0.3 0.4

x/t
Fig. 6 Comparison of windside wall pressure.

0.02

o.oi

0.00

— EQUILIBRIUM AIR
•— IDEAL GAS (T-1.2
o STS-3 DATA

0.0 Q.I 0.2 0.3 0.4
x/t

Fig. 7 Comparison of leeside wall pressure.

other, but not with the flight data. The flight data show a scat-
ter in the canopy area. It should be mentioned again that the
present Orbiter geometry does not include the canopy. Figures
8 and 9 show the comparison of computed wall pressures with
STS-3 data at x/L = QA and 0.403, respectively. The ideal-gas
(7=1.2) and equilibrium-air calculations match each other
fairly closely and both show reasonably good agreement with
flight data.

The wall heating rates on the windward centerline are com-
pared with flight data in Fig. 10. The equilibrium heating rates
agree closely with the flight data beyond x/L = 0.2. For the
STS-3 flight, catalytic tiles were placed on the windward
centerline at axial locations x/L = 0.3 and 0.4.34 The high heat
transfer due to these tiles is clearly seen in Fig. 10. In Fig. 11
the computed leeside heating rates are compared with flight
data. The heating rates are in good agreement with flight data
except near the canopy. Figures 12 and 13 show the com-
parison of the computed wall heating rates with STS-3 data at
x/L = 0.1 and 0.403, respectively. The present equilibrium
calculation overpredicts the heat transfer at x/L = 0.1, but

EQUILIBRIUM AIR
————— IDEAL GAS (y = 1.2)

STS-3 DATA

0.0
0 20 40 60 80 100 120 140 160 180

MERIDIONAL ANGLE, <f> (deg)

Fig. 8 Wall pressure comparison at jr/£ = 0.1.

0.6

0.5

cvj 8

80.4

'0.3

0.2

0.1

0.0

———EQUILIBRIUM AIR
——— IDEAL GAS (X * 1.2)

o STS-3 DATA

20 40 60 80 100 120 140 160 180
MERIDIONAL ANGLE, 4' (deg)

Fig. 9 Wall pressure comparison at x/L = 0.403.

gives good agreement at x/L = 0.403. In the present computa-
tions the wall temperature has been assumed to be constant at
1100 K throughout, while in the actual flight case the wall
temperatures can vary from as high as 1400 K on the windside
to as low as 250 K on the leeside.

The cross-flow velocity vectors at x/L-0.403 for the ideal-
gas and equilibrium-air computations are compared in Figs.
14 and 15. These plots show the existence of the vortices on the
leeside and at the wing-body juncture. Figures 16 and 17 show
the Mach contours at the same axial location for ideal and
equilibrium air, respectively.
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; o.io

• E Q U I L I B R I U M A I R
-IDEAL GAS (y = 1.2)

•CATALYTIC TILES

\
OFF-CENTERLINE

\

J____I____I____I____I

0.12

0.0 0.1 0.2 0.3 0.4 0.5 0.6
x/L

Fig. 10 Windside wall heat-transfer comparison.

1 0.04 -

0.000 20 40 60 80 100 120 140 160 180
MERIDIONAL ANGLE, $ (deg)

Fig. 13 Heat transfer comparison at x/L = 0.403.

Fig. 11 Leeside wall heat-transfer comparison.
Fig. 14 Cross-flow velocity vector directions (ideal gas) at x/L = 0 4
A/O, = 20.985, a = 40.046 deg.

" 0.15

^ 0.05

0.00

—————EQUILIBRIUM AIR
————— IDEAL GAS (Y = 1.2)
! STS-3 DATA

0 20 40 60 80 100 120 140 160 180
MERIDIONAL ANGLE, <|> (deg)

Fig. 12 Heat transfer comparison at ;c/L = 0.1.
Fig. 15 Cross-flow velocity vector directions (equilibrium air) at
x/L = 0.4. M^ = 20.985, a = 40.046 deg.
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Fig. 16 Mach contours (ideal gas) at ;c/L = 0.4. M00= 20.985,
a = 40.046 deg.

Fig. 17 Mach contours (equilibrium air) at
a = 40.046 deg.

= 0.4. =20.985,

All of the present results were obtained using the CRAY X-
MP computer at NASA Ames Research Center. The PNS code
required 0.3 x 10 ~ 3 s/grid point/step for the ideal-gas calcula-
tion, 1.1 x 10 ~ 3 s/grid point/step for equilibrium-air calcula-
tions using approximate curve fits, and 1 .8xlO~ 3 s/grid
point/step using the table look-up procedure. The blunt-body
code required 0.27 and 0.73 x 10 ~ 3 s/grid point/step for the
ideal-gas and equilibrium-air cases, respectively. Both the
PNS and blunt-body codes are not vectorized. The blunt-body
code required 2000 steps to converge the ideal-gas solution and
2500 additional steps to obtain an equilibrium-air solution. On
the other hand, the PNS code took 1200 steps for both the
ideal-gas and equilibrium-air computations.

Concluding Remarks
A real-gas parabolized Navier-Stokes (PNS) code has been

used to compute both ideal-gas (7= 1.2) and equilibrium-air

flow around the forebody of the Space Shuttle Orbiter. The
"effective 7" and equilibrium-air approaches have yielded
surface pressures that are in good agreement with each other
and with the flight data. The heating rates were initially over-
predicted by the equlibrium calculation, but good agreement
was achieved as the solution proceeded downstream. The
ability of the PNS code to predict the complex flowfield on the
leeside and at the wing-body juncture is also clearly
demonstrated.
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